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determine the effect of covariates showing significance of P<0.05. Mean flows were compared using paired 2-tailed Student t test. All analyses were performed with SPSS (version 21; IBM, Inc).
Results

Patient Characteristics
The study cohort consisted of 44 patients with a mean age of 67 years, and degree of stenosis averaging 76%. Sixty-four percent of patients presented with symptomatic stenosis. Patient and lesion characteristics are summarized in the Table.
Flow Versus Percentage Stenosis, Residual Lumen, and Stenosis Length
The mean ICA flow decreased as percentage stenosis increased ( Figure 1 ) as follows: 206.4 (50-59% stenosis), 188.0 (60-69% stenosis), 180.9 (70-79% stenosis), 118.6 (80-89% stenosis), and 91.4 mL/min (90-98% stenosis). The difference in mean ICA flow between the 70% and 80% stenosis groups (180.9 versus 118.6 mL/min) was statistically significant (P=0.02). As percentage stenosis increased, there was also a corresponding significant decrease in ipsilateral ICA flow ratio (P<0.01; ρ=−0.55). MCA flow ratio was not significantly associated with percentage stenosis (P=0.70; ρ=−0.06) and remained essentially unchanged even in patients with severe ICA stenosis ( Figure 2 ). Smaller residual lumen was significantly associated with decreased ICA flow ratio (P=0.04) but not with MCA flow ratio (P=0.78; Figure III in the online-only Data Supplement). Neither ICA flow ratio (P=0.82; ρ=+0.04) nor MCA flow ratio (P=0.86; ρ=−0.03) was significantly correlated with plaque length.
Multivariate analysis showed that percentage stenosis (P<0.001, 0.003), but not residual lumen (P=0.64, 0.88) or stenosis length (P=0.94, 0.54) was an independent predictor of ICA flow and ICA flow ratio, respectively.
Intracranial Flow and Symptomatic Presentation
Mean ICA flow ratios were not significantly different among asymptomatic versus symptomatic patients (0.55 versus 0.55; P=0.99). However, mean MCA flow ratio was significantly lower in symptomatic patients (0.92 versus 1.22; P=0.001).
Discussion
Since Fisher 4 reported in 1951 that carotid artery occlusive disease can cause cerebral ischemia and infarcts, the pathophysiology of this phenomenon has been of keen interest. 5, 9 Thromboembolism is presumed to be the most common cause of symptoms, 9 ,10 yet the correlation of severity of stenosis with increased stroke risk implicates hypoperfusion as an alternative mechanism.
2, 3 Caplan et al 5 have postulated that vessel narrowing and wall abnormalities are thromboembolic sources but that hypoperfusion may synergistically impair clearance of distal emboli.
According to Poiseuille's law, the resistance to flow of a fluid with viscosity η is equal to 8ηL/π(d/2) 4 , where L is the length of the tube and d is the diameter. Thus, the effects of carotid artery disease on cerebral hemodynamics may entail consideration of factors other than percentage stenosis alone. Plaque length and residual lumen, in addition to percentage stenosis, have been previously demonstrated as variables predictive of ICA flow, 7 but intracranial hemodynamics as measured by MCA flow has not been previously assessed. Here, we report that as percentage stenosis increases, ipsilateral ICA flow ratio on average decreases 
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significantly, whereas MCA flow ratio remains maintained, even in patients with severe ICA stenosis. Similarly, smaller residual lumen was significantly associated with decreased ICA flow ratio but not with MCA flow ratio. These findings are consistent with those described by Powers et al 10 using positron emission tomography, which demonstrated that the severity of a cervical carotid lesion alone cannot be used to extrapolate the intracranial hemodynamic status. The existence of collateral pathways can provide intracranial compensation for flow compromise within the ICA. These findings overall support the notion of thomboembolism as the primary culprit in ischemia related to carotid stenosis. However, we also found that MCA flow ratio was significantly lower in symptomatic patients (0.92 versus 1.22; P=0.001) suggesting that less effective collaterals with impairment of distal hemodynamics is also associated with ischemia. This observation potentially implicates intracranial hemodynamics in symptomatic presentation.
Limitations of our study are its retrospective design and small sample size. Nonetheless, our cohort is the largest to date to measure intracranial blood flow using quantitative magnetic resonance angiography in the setting of extracranial carotid stenosis. The possibility for blood flow to be affected by physiological parameters, including age, blood pressure, and effect of medications, is a potential concern when comparing flow measurements among patients. Consequently, ipsilateral-to-contralateral flow ratios indexing the stenotic ICA to the contralateral unaffected ICA were used to control for patient-specific systemic confounders, which may otherwise impact absolute flow measurements.
Conclusions
Based on our results, we conclude that percentage stenosis and residual lumen are significantly associated with ICA but not MCA flow, because intracranial flows can be maintained through collaterals. MCA flow, however, was compromised among symptomatic patients, highlighting the potential importance of distal hemodynamics in ischemia. Moreover, our study reveals the utility of quantitative magnetic resonance angiography as a noninvasive tool to quantitatively assess the hemodynamic impact of carotid artery stenosis. With further study, flow rates could potentially indicate critical thresholds prognostic of high stroke risk or disclose limited collateral supply that can be used to guide recommendations for revascularization. 
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QMRA technique
All subjects underwent phase contrast quantitative magnetic resonance angiography (QMRA) performed on a 1.5 Tesla or 3.0 Tesla magnetic resonance (MR) system (Sigma VHi, GE Medical system, Milwaukee, WI) using a 4-channel neurovascular coil. The volume flow rate measurements were acquired with the Noninvasive Optimal Vessel Analysis (NOVA) software (VasSol, Inc., River Forest, IL). 1 To visualize major extracranial arteries in the neck, 2-dimensional (2D) MRA time-of-flight (TOF) technique (TR/TE, 23 ms/4.6 ms; flip angle, 60; FOV, 200mm; slice thickness, 2 mm; matrix, 256/192; NEX, 1 ) was performed first. Then, a 3D MRA TOF of the head was obtained with the following parameters: TR/TE, 23/3.3 ms; flip angle, 20; FOV, 220mm; section thickness, 1mm; matrix, 512 X256. MRA TOF images were received by the NOVA software on a separate workstation in order to reconstruct a 3D surface-rendering of the vasculature for determining the perpendicular scan plane to vessels of interest. Volume flow measurements based on these positions were performed (TR, 10-15ms; TE, 4-7ms;flip angle, 15; NEX, 4; slice thickness, 3 mm for intracranial arteries and 5 mm for neck arteries; FOV, 140 mm for intracranial arteries and 180mm for neck arteries; matrix, 256x192 for intracranial arteries and 256x128 for neck arteries). Velocity encoding was automatically adjusted by the NOVA software. All QMRA flow measurements were performed using an oblique 2D fast phase contrast sequence with retrospective gating. Volumetric flow rate (ml/min) in each artery was processed on the NOVA workstation after phase contrast images had been acquired.
The accuracy and precision of QMRA flow measurements using NOVA software have been published previously. Blood vessel measurements from digital subtraction angiography: Vessel residual lumen was measured at the point of maximal stenosis. Length of stenosis was measured as demonstrated by the line with arrowheads. Degree of stenosis was determined using the NASCET criteria: 1 -diameter of maximal stenosis/diameter of normal distal segment x100, as shown.
Figure III
Flow ratio versus residual lumen: increased residual lumen is significantly associated with increased internal carotid artery (ICA) flow ratio (P=0.04, rho=+0.32) but not with middle cerebral artery (MCA) flow ratio (P=0.78, rho=+0.04). 
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